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Abstract 
The on line measurement of carbon nanotube growth rate during chemical vapor deposition (CVD) process has been 
successfully realized through conventional instruments in this article. A micro fluidized bed (MFB) reactor has been 
constructed with simple hardware components in order to obtain a chemical kinetic model by using soft sensor 
technology. The experimental results have been found to agree well with the theoretical predictions obtained from 
the proposed soft sensor model, hence a useful approach to the real-time measurement in CVD process has been 
provided. 
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1. Introduction 
Since their discovery in 1991, carbon nanotubes (CNTs) have attracted considerable attention due to 
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exceptionally promising physical and chemical properties, such as high mechanical intensity, electrical conductivity, 
chemical stability and specific surface area [1]. Considering that CNTs are active components, their discovery has 
resulted in a variety of technological uses, namely, as a field emitter for field-emission display [2, 3], high-
performance adsorbent [4], electrode material for energy-storage device [5], catalyst support for electrode of fuel 
cells [6], and so on. Many methods have been developed for CNTs preparation, such as arc discharge [7], laser 
vaporization [8], template synthesis [6], and catalytic chemical vapor deposition (CVD) [9]. Among the different 
techniques that have been applied for the production of CNTs, the CVD appears to be the most promising because of 
its relatively low-cost and potential high-yield production [10, 11]. 
Carbon nanotubes will be formed if proper parameters are maintained in the process. The important influencing 
parameters in carbon nanotube formation are the synthesis temperature, pressure, reaction time, volumetric flow 
rates of the precursor, catalyst and the supporting materials [12]. As regards the parameters in CVD process, we 
have investigated the rate of carbon nanotube growth and the variation of production. On line measurement of 
carbon nanotube growth rate provides further insight into operating parameters for mass production of high quality 
nanotubes.  
However, traditional measurement methods of CNTs growth rate only depend on off line weighting, which may 
have complicated operation and restrict analysing data in time. Additionally, thermo-gravimetric analysis does not 
meet the conditions in CVD for real-time monitor and control [13], because it is sensitive to gas mixing and 
diffusing in reactor and the slow rise of temperature. 
Here we introduce micro-fluidized bed as the reactor in CVD process, which is expected to enable the on line feed 
of particle reactant based on a pulse solid conveying mechanics and the effective suppression of external gas 
diffusion in the reactor [14].  
Soft sensor or virtual sensor is a common name for software where several measurements are processed together. 
There may be dozens or even hundreds of measurements. The interaction of the signals can be used for calculating 
new quantities that need not be measured. Soft sensors are especially useful in data fusion, where measurements of 
different characteristics and dynamics are combined. A soft sensor is an inferential model based on software 
technique to estimate the value of a process variable. This is in contrast to a physical sensor that directly measures 
the value of the process variable. An accurate soft sensor model makes soft sensor useful. The model has the ability 
to infer in real time measurement otherwise available only after significant delays as is associated with analyser and 
lab tests. In the chemical process, many variables cannot be measured online, and soft sensor is an important means 
to solve this problem. Here a computational soft sensor model based on chemical kinetics is proposed to deduce the 
real-time growth rate of carbon nanotubes. These provide a remarkable insight for the influence of the initial, 
controllable parameters on the deposition parameters during carbon nanotubes growth. 
2. Soft sensor modeling 
2.1. Model characterization 
Soft sensor modeling is the core issue of soft sensor. Soft sensor modeling depends on the measured data to get 
the relationship between target variables and variables that are easy to measure. The growth rate and the variation in 
weight of CNTs are main variables difficult to measure directly in CVD process at an instant of time. The on line 
measurement of the sequential rate and variation of CNTs growth is proposed, which are closely related to the 
conversion rate of carbon source gas. The conversion rate of carbon source gas at any time is evaluated indirectly by 
means of measuring the variation of gas concentration. 
The CVD process is a non-isothermal and non-adiabatic process [15]. In the analysis presented, a series 
arrangement of plug flow and batch reactors is assumed to model the reaction phase. This means that the CNT 
formation process has both space and time dependency. The micro-fluidized bed reactor can effectually suppress the 
gas diffusion in the reactor and form the isothermal environment [16]. The feed on line, gas mixing instantaneously 
and achieving reaction temperature speedily is feasible in micro-fluidized bed reactor. By using a micro fluidized 
bed reactor, it is expected to supply the soft sensor model with the exact parameters and minimize the error in 
computation. The model takes the reaction temperature, the volumetric flow rates of the carbon source gas, the 
pressure in reactor, and the time dependent composition changes of its evolved gas concentration as the assistant 
variable. By using the chemical mechanism model, the deposition rate of CNTs is computed continuously on line. 
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2.2. The model and parameters 
The most widely accepted model of carbon nanotube growth is the vapor liquid solid (VLS) growth [17]. 
According to the VLS growth model, carbon nanotube formation includes a series of reactions, and only the last 
stage of this series is dedicated to the growth of the nanotube [18]. Hence the actual growth conditions of the carbon 
nanotubes are different from the initial furnace conditions. It follows that a strong theoretical model is essential to 
precisely determine the growth condition or the deposition condition for the carbon nanotube growth [19]. Here it is 
assumed that the CNT formation follows the vapor liquid solid growth mechanism [20]. The elementary reaction 
namely the methane decomposition as given by Eq. (1) yields carbon nanotubes. 
24 H2CCH l                                                                                                                                                     (1) 
The effluent gas is analyzed during the CVD growth of CNTs by gas chromatography (GC).Here the GC detects 
the concentration of gases every 5 minutes because the whole CVD process continues more than 50 minutes. 
Methane conversion is found to be closely related to the nanotube yield, indicating that the gas analysis is useful for 
monitoring the nanotube growth rate.  
First, we take transition metals such as Fe, Co, and Ni as catalysts supported on MgO in terms of methane 
conversion [21]. The conversion is determined from the following equation by assuming that one CH4 molecule 
decomposes into one adsorbed C atom (Cad) and two H2 molecules. 
CH4H2
H2
CH4 C2C1
2C1X  
                                                                                                                                           (2) 
Here, CCH4 and CH2 are the concentrations of CH4 and H2 gasses in the effluent gas as measured by GC 
respectively. We confirm that the concentration of CH4 in the inlet gas is consistent with the total concentration of 
CH4 and H2 in the effluent gas. Because the GC system is equipped with two columns and two detectors, we can 
analyze both CH4 and H2 by a single gas injection. Note that the concentrations of other hydrocarbon molecules in 
the effluent gases are much smaller than those of CH4 and H2 gasses. Therefore, almost all the adsorbed carbon 
atoms generated by the catalytic dissociation of methane are converted to form carbon nanotubes and/or 
graphitic/amorphous carbon without polymerization reactions. 
4.2210
PPmC 6
CH4orH2
orH24CH u 
˅˄                                                                                                                                      (3) 
In the above calculation, PPm is the measure value of GC. In methane reaction, the concentrations of CH4 and H2 
gasses are obtained from GC. In other hydrocarbon reactions, such as acetylene and ethane, more gases 
concentrations are measured by GC and more complicated chemical equations and conversion rate calculations are 
built. 
Second, the deposition mass of carbon (mC) is related to the percent conversion of CH4 (XCH4) and the initial 
number of moles of methane (nCH4) as given in Eq. (4).  
CCH4CH4C Mn%Xm xx                                                                                                                                        (4) 
In Eq.(4), MC is the molar mass of carbon and the number of moles of methane is calculated using the following 
correlations. 
RT
PVn 4CH                                                                                                                                                              (5) 
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Here, P is the pressure of the reactor which is measured by pressure sensor. V is initial volumetric flow volume of 
methane which is monitored by flow meters. R is gas mol constant that equals 0.08206 L·atm/mol·K. T is the 
deposition temperature which is measured by thermocouple.   
Third, based on the equations above, the design equation is formulated for the rate of CNTs growth (rc) as given 
in Eq. (6).       
dt
dm
m
1r C
cat
C x                                                                                                                                                  (6) 
mcat is the mass of catalyst which is weighed before deposition.  
Finally, the chemical kinetics are obtained by combining the Arrhenius law and some stochiometric relations as 
shown in Eqs (7)-(9) [22, 23].    
/RT)exp(-Ekk a
'                                                                                                                                            (7) 
CH4C Cnln klnrln                                                                                                                                       (8) 
CH4a
'
C nlnC/RTE-klnrln                                                                                                                           (9) 
In equations above, k is rate constant [(mol/m3)1-ns-1]; k’ is pre-exponential factor [(mol/m3)1-ns-1]; Ea is activation 
energy [J/g mol];T is absolute temperature [K]; R is universal gas constant [J/mol K]; n is reaction order. Then, 
taking lnrc—lnCCH4 for a curve, reaction order n and rate constant k is received. By calculating the rate constant of 
different temperature corresponding, take the logarithm value of rc and 1/T as a figure and the slope value is the 
activation energy Ea. Ea is an important parameter of chemical kinetics for farther research in CVD process.  
The Eq.(2)-(6) compose the soft sensor model which is calculated in computer.  
3. The structure of soft sensor prototype  
Based on the principle model above, the important influencing parameters in carbon nanotube formation are the 
synthesis temperature, pressure, reaction time, volumetric flow rates of the precursor, catalyst and the supporting 
material. Hardware scheme and experiment are given to monitor the parameters and calculate the model. 
Carbon nanotubes are synthesized by the decomposition of methane in the presence of Ni/MgO catalyst 
(Ni/MgO=1/9, mole ratio) using a micro-fluidized bed reactor. Based on the soft sensor model, the CVD apparatus 
is designed and implemented. 
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Fig.1. Schematic representation of micro-fluidized bed CVD apparatus 
The experimental set-up employed is schematically presented in Figure 1. The micro-fluidized bed (MFB) reactor 
is entirely constructed from a quartz process tube with a tubular furnace having a heated zone of around 30 mm long, 
which acts as the reaction chamber as shown in. Diameter of MFB reactor is 18 mm and length is 120 mm. The size 
of the reactor has been calculated according to gas consumption and fluidized bed particle size selection parameters. 
Because the reactor is designed very small, the temperature everywhere in the reactor looks almost isothermal. A 
distributing plate is put in the middle of the reactor. Kinds of sensors are connected to the MFB reactor, containing 
flow meters, thermocouple, pressure sensor, vacuum pump, particle sampling vessel and pneumatic valves. A two-
zone electric furnace allows monitoring the MFB temperature via two thermocouples fixed on the outer reactor wall 
and the inside of the reaction area. Electronic grade methane, hydrogen and nitrogen gases are supplied to the 
reactor through mass flow meters. A pressure sensor allows measuring the differential pressure drop between the 
bottom and the top parts of the reactor. During all the experiments, the control system is used to monitor and 
measure the gaseous reactants and products inside the reactor. The control system consists of industrial computer, 
programmable logic controller (PLC), sensors and other electrical complex. The PLC using proportional-integral-
derivative (PID) arithmetic for the furnace and pressure in the reactor maintains the required temperature within 
accuracy of 1 degree centigrade and the required intensity of pressure within accuracy of 0.1 atm. GC used is 
equipped with a tube for gas sampling and controlled by pneumatic valves. By detecting the percentage of gases in 
real time, GC can characterize the activity of catalyst. 
In order to prove the CVD apparatus is practicable, take the experiment in which the carbon precursor is used 
methane gas for example. First, GC is prepared and the water cooling is applied. The holder with the catalyst is 
placed at the centre of the quartz tubular. Second, the nitrogen gas is used to maintain an inert atmosphere. The 
releaser pneumatic valve controlled by PLC is switched on to pass the gases into the air to maintain the right 
intensity of pressure in the quartz tubular. The flow rates of the various gases are monitored and controlled using 
flow meters. Then, the furnace is switched on, and an initial temperature of 450~700◦C set. Nitrogen gas is passed 
for 30 min to deoxygenate the system. After this, the nitrogen current is stopped and hydrogen is passed for 30 min 
for reducing the nickel oxide to nickel. This is followed by methane, which is passed for 30 min. After the reaction 
period, methane is stopped and nitrogen is passed again, while the furnace is cooled for one hour. Table 1 shows the 
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parameters of the experiment. After each experiment, CNTs are collected from the quartz substrate and 
characterized by scanning electron microscope (SEM) and transmission electron microscope (TEM). 
Table 1. Experimental conditions. 
Catalyst 
mass(g) 
P 
(atm) 
V 
(L) 
Deoxidization 
temperature(◦C) H2/N2(sccm) 
Deoxidization 
time(min) 
Reaction 
temperature(◦C) 
Reaction 
time(min) 
CH4/N2 
(sccm) 
Ni/MgO 
0.13415 
1 0.1 500 40/80 30 
450,500,550,600,
650 
56 40/80 
4. Experimental results 
The soft sensor model and method presented can be used to calculate the deposition rate of carbon, as well as 
CNTs growth rate at any time instant. Take 550ć as example, the concentration of CH4 and H2 is detected by GC 
for 5 minutes per. Following the model presented above (Part 2.2), the percent conversion of CH4 is calculated. 
Table 2 shows the results. 
Table 2. The value from GC and the conversion of CH4  at 550◦C 
Sampling 
time (min) 
Concentration of CH4 (PPm) Concentration of H2 (PPm) Conversion of CH4(%) 
1 23667 148899 75.87867 
6 272010 170204 23.83062 
11 289917 147267 20.254 
16 306299 133575 17.90134 
21 312962 120479 16.14128 
26 319758 110919 14.78063 
31 327466 99172 13.15097 
36 336922 86483 11.37445 
41 342631 77208 10.12604 
46 348254 65172 8.55635 
51 353942 57992 7.57198 
56 362076 54557 7.00608 
 
In accordance with the method above, results in other experimental conditions are able to obtain. The details are 
skipped in the paper. Fig.2 shows the percent conversion of CH4 as a function of reaction time at different growth 
temperature. 
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Fig.2. the conversion of CH4 plotted as a function of the reaction time at different growth temperature 
The yield of the carbon nanotubes, calculated from the conversion rates obtained from the model has been fitted 
with exponential function. Take 550◦C for test and the original and fitting curves are obtained as follow.  
 
 
Fig.3. the conversion of CH4 at 550◦C and the fitting curve 
By Eq. (4) and Eq. (5), the yield of carbon is calculated from XCH4. The model value has been compared with 
experimental results obtained for a corresponding case with weighing off line, and found to be closely matching 
with them, as will be presented below. 
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
Fig.4. the comparison of on-line measurement date and off-line analysis data of CH4 decomposition at 550◦C 
This comparison indicates that the theoretical chemical model is capable of predicting the parameters with fairly 
good accuracy, and hence, the results from the model, with various input parameters have been obtained. By Eq. (6), 
to calculate the differential of the yield of carbon function mc=f (t), the rate of carbon growth is obtained with the 
known mass of Ni. The result is presented below. Taking the logarithm of the rate of carbon growth as Y-axis makes 
the display is clear in general. 

 
Fig.5. the CNTs growth rate of CH4 decomposition at 550◦C 
 
5. Conclusion 
A soft sensor model has been developed to predict the formation of carbon nanotubes using the chemical vapor 
deposition method incorporating the chemical kinetics involved in the synthesis. 
Through this, the monitor and control system for the CVD reactor has been designed. The computer has obtained 
the deposition conditions namely the deposition temperature, pressure and flow of carbon source gases, from which 
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carbon deposition rate has been calculated. Parametric studies have been performed based on the calculations, to 
obtain the influences of a set of operating parameters on the deposition parameters for carbon nanotubes. 
Experiments have been performed to benchmark the results obtained from the computational work, by 
synthesizing carbon nanotubes with a chemical vapor deposition system. The product has been characterized by 
scanning electron microscopy, which showed the bundle structure of the carbon nanotubes. It has showed fairly 
good agreement that the CNTs growth rate and the yield compared with those predicted by the model. The results 
suggest that the model and the micro-fluidized bed CVD apparatus are capable of performing predictive calculations 
for the growth rate and yield of carbon nanotubes. 
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